Congenital Zika virus infection has stimulated great international concern. A prospective case series of 87 infants with laboratory-confirmed congenital Zika syndrome (CZS) at the epicenter of the Brazilian Zika epidemic in Pernambuco state is presented. Mothers were interviewed for symptoms of possible Zika virus (ZIKV) infection during pregnancy, and fetal ultrasounds were obtained. Infant cerebrospinal fluid (CSF) samples were tested for ZIKV-specific antibodies, and sera were screened for other congenital infections. Neuroimaging and ophthalmologic evaluations were also performed. Sixty-six mothers (76%) reported symptoms of ZIKV infection during gestation. Fetal ultrasounds were available from 90% of the mothers, and all demonstrated brain structural abnormalities. All of the CSF samples tested positive for ZIKV immunoglobulin M. The majority of infants (89%) were term; the mean birth weight was 2577 ± 260 g, and the mean head circumference was 28.1 ± 1.8 cm. Severe microcephaly, defined as head circumference 3 SD below the mean for sex and gestational age, was found in 72 (82%) infants. All infants had an abnormal neurological exam, and 18 (20.7%) had arthrogryposis. The main abnormalities detected in computed tomography scans were calcifications (99%), followed by ventricular enlargement (94%), cortical hypogyration (81%), and less commonly, cerebellar hypoplasia (52%). Unilateral diaphragm paralysis was identified in 3 infants. Maternal young age, term infant, small for gestational age, and the presence of ophthalmologic abnormalities were significantly associated with a smaller head circumference Z score. Our findings, based on laboratory-confirmed ZIKV infection, add valuable evidence for the understanding of CZS.
the mean for sex and gestational age. All of the confirmed cases were then classified according to INTERGROWTH-21st (International Fetal and Newborn Growth Consortium) standards to calculate HC Z scores, a measure of the distance in units of SD from the mean of the data set, according to gestational age and sex [8] .
The mothers of the neonates were interviewed regarding presence of symptoms related to a possible ZIKV infection during gestation, including fever, maculopapular rash, arthralgia, and conjunctivitis, as well as time of disease onset. Results of laboratory tests and fetal ultrasounds performed throughout the gestation were also reviewed.
All neonates were tested for other congenital infections, including syphilis, toxoplasmosis, cytomegalovirus, rubella, herpes simplex virus, and human immunodeficiency virus. As part of the evaluation, CSF samples were collected and sent to the Fiocruz/PE Virology Laboratory and tested for ZIKVspecific antibodies by an IgM antibody capture enzyme-linked immunosorbent assay, based on the CDC Emergency Use Authorization protocol and reagents kindly provided by Robert Lanciotti (CDC, Fort Collins, CO) [9] . Positive results were followed by the performance of a plaque reduction neutralization test to confirm the specificity of the IgM antibodies against ZIKV and rule out cross-reactivity against other flaviviruses, including dengue.
Neuroimaging of the infants (n = 81) was performed using head computed tomography (CT), which was conducted, interpreted, and reviewed by the same pediatric radiologist, using a CT model Somatom Emotion 16 CT scanner (Siemens Medical Solution, Forchleim, Germany). The first detected microcephaly cases (n = 24) were initially examined with a head ultrasound, using the HD7 ultrasound machine (Phillips, Bothell, CA) and the anterior fontanelle as an acoustic window. They were also later examined by CT. Six newborns, due to clinical conditions, did not undergo CT and were examined only by head ultrasound. Opthalmologic evaluation included an ocular external examination and indirect ophthalmoscopy performed by a pediatric ophthalmologist.
Categorical variables were expressed as relative and absolute frequencies. Continuous variables were expressed as means ± standard deviation (SD). The mean HC Z scores were calculated according to the INTERGROWTH-21st for maternal and neonatal clinical characteristics and neuroimaging [8] .
To compare the means of the groups, the nonparametric t test was used to analyze any differences between the groups. P < .05 was considered significant.
A written informed consent was obtained from all of the mothers. The study was approved by the institutional research ethics committee.
RESULTS
A total of 176 suspected cases of microcephaly associated with ZIKV infection were evaluated, and 127 were considered probable. However, only 87 infants were confirmed to have CZS as determined by the presence of suggestive neuroimaging findings and ZIKV-specific IgM in CSF samples, as outlined in Figure 1 .
The demographic and clinical characteristics of mothers and their 87 infants are summarized in Table 1 . Most of the mothers (70%) were primiparous, with a mean age of 24 ± 2.1 years. Sixty-six mothers (76%) reported symptoms suggestive of ZIKV infection during gestation, mostly in the first trimester (Table 1 and Figure 2A ). The most common symptom reported was a maculopapular rash lasting 3-4 days followed by mild fever and arthralgia ( Figure 2B ). Fetal ultrasounds were available in 79 (91%) of the cases and were mostly performed during the third trimester (72%). One or more brain abnormalities such as microcephaly, ventricular enlargement, cerebral calcifications, and hypoplasia of the cerebellum were detected in all cases ( Figure 2C ).
The mean gestational age of the neonates was 38.5 ± 1.8 weeks, and the mean birth weight was 2575 ± 496 g. Twentyfive (29%) infants were considered small for gestational age. The mean HC was 28.1 ± 1.9 cm, and 71 (82%) infants were considered to have severe microcephaly (Figure 3) .
All of the infants exhibited a craniofacial disproportion, and the main clinical symptoms were spasticity and irritability.
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Head circumference 2 SD below the mean for gestational age and sex according to the Fenton growth chart Some infants with severe microcephaly exhibited redundant scalp skin and overriding of bones, especially in the occipital region, configuring a pointed occiput. Only 3 infants developed seizures during their birth hospitalization. Eighteen infants (21%) had arthrogryposis, which was characterized as isolated or multiple joint contractures. Three infants also presented with unilateral diaphragmatic paralysis ( Figure 4) .
All of the infants had neonatal neuroimaging (Supplementary Table 1 ). Head ultrasounds were performed in 30 infants. Brain calcifications and ventricular enlargement were the most common findings. Cortical hypogyration was found in 5 infants, and hypoplasia of the cerebellum was detected in 1 infant. Eighty-one infants (93%) underwent a head CT scan, and the findings were similar to the ones that were found initially in head ultrasounds. However, cortical hypogyration and hypoplasia of the cerebellum were more frequently found in the head CT scans than ultrasounds. Lissencephaly was only detected in CT scans.
Opthalmologic evaluations were performed in 82 (94%) infants. Abnormal findings were seen in 33 (40.2%) patients, and 19 of these 33 (57%) had bilateral findings. The most common findings were macular lesions in 29 (88%) and optic nerve abnormalities in 4 (12%). Macular findings included focal pigment mottling in 12 patients and chorioretinal atrophic lesions in 13; 3 infants had both. Macular coloboma were present in 5 infants.
The mean HC Z scores of the neonates were correlated with clinical characteristics of the mother and neonate and with neuroimaging of the newborns (Supplementary Figure 1) . Infants of mothers aged ≤18 years had a significantly lower HC Z score when compared with infants of older mothers (mean −4.35 Figure  1A) . There was no difference between the mean HC Z scores of the neonates whose mothers reported ZIKV infection in the first trimester or later or in the presence of maculopapular rash (Supplementary Figure 1B and 1C) . The small-for-gestational-age infants had a significantly lower mean HC Z score when compared with the infants adequate for gestational age, and term infants had significantly lower HC Z scores than preterm infants (Supplementary Figure 1D and 1E) . There was no difference in HC Z score between infants with or without arthrogryposis (Supplementary Figure 1F) or the presence of absence of neuroimaging alterations (hypogyration and lissencephaly) (Supplementary Figure 1G and 1H) . Infants with visual abnormalities had lower HC Z scores than infants with no visual abnormalities (Supplementary Figure 1I) .
The 3 infants with diaphragm paralysis developed progressive respiratory failure and died on days of life 2, 10, and 86. All 84 surviving infants were able to feed when discharged home, most of them on exclusive or mixed breastfeeding.
DISCUSSION
We describe the epidemiologic, clinical, and neuroimaging studies of a large number of laboratory-confirmed cases of CZS. In this study, all of the 87 infants had ZIKV-specific IgM in CSF samples, which were confirmed by plaque reduction neutralization test using previously developed protocols [9] . Only newborns with head circumference 2 SD below the mean for gestational age and sex and with altered neuroimaging were included in our study. In contrast, another recently published study reported the development of microcephaly 5-12 months after birth in infants born with normal-size head sizes [10] .
All mothers in this study were from the epicenter of the Zika epidemic in Brazil, and 76% of them reported symptoms of Zika infection during gestation. A maculopapular rash was the most common symptom reported in 85% of symptomatic women. Rash frequency in previously reported CZS cases has varied from 61% to 78% [11] [12] [13] . Recently, a case-control study found a very low incidence (34%) of rash during pregnancy, but only 13 neonates in that study had laboratory-confirmed CZS [14] . In our study, mothers reported mild fever (64%) and arthralgia (37%) but no conjunctivitis. The cohort study by Brasil et al, which evaluated 72 ZIKV-positive pregnant women with maculopapular rash, found that arthralgia, conjunctivitis, and mild fever were present in 50%, 58%, and 28%, respectively [15] . These differences could have reflected the fact that we interviewed mothers 6-7 months after the event, whereas in the cohort study women were interviewed during the acute viral illness.
The higher prevalence of vaginal (78%) and term deliveries (91%) suggests that except for the fetal ultrasound evidence of microcephaly, these gestations seem to have been of low risk. However, 18 (20.6%) infants required intervention to initiate and sustain breathing at birth (neonatal resuscitation): 8 of these infants had arthrogryposis and 3 of them had associated unilateral diaphragmatic paralysis.
Infants of the younger mothers displayed a significant lower mean HC Z score when compared with infants of older mothers (Supplementary Figure 1) . The reason for this is unclear and needs further investigation. Other cofactors, such as preexisting dengue antibodies, which might either enhance or protect against ZIKV infection, might be involved [16, 17] . Among all infants, 40% were low-birth-weight infants, and 28% were considered small for gestational age. Seventy-one (82%) infants had severe microcephaly. Small-for-gestational-age infants had significantly lower HC Z score when compared with the adequate-for-gestational-age infants, suggesting that ZIKV affects fetal growth, a pattern similar to othercongenital viral infections [18] . Recent evidence from animal models also supports that ZIKV infection results in stunted fetal growth [19] .
An interesting finding in this study is that term infants had significantly lower HC Z scores than preterm infants. These results are in agreement with studies that have followed pregnancies with ZIKV infection with ultrasound and demonstrated that the head circumferences decrease in percentile throughout gestation [20, 21] .
In this case series, the HC Z score of the infants did not differ according to presence of a rash of other ZIKV symptoms during gestation. This is in disagreement with a recent study that found that in the 61.4% of mothers with a history of rash during gestation, their infants presented a lower mean HC Z score when compared when infants whose mothers did not report a rash [13] . However, because our study only included laboratory-confirmed cases, this may account for the differences.
The 2 most important findings in the head CT scans in our series were brain calcifications (99%) and ventriculomegaly (94%). This incidence was higher than reported by SchulerFaccini et al, with 74% with calcifications and 44% with ventriculomegaly among 27 possible cases [11] . Other studies describing neuroimaging in CT scans, including confirmed and probable cases of congenital Zika infection, found results similar to our study [7, 12, 22] .
In a recent case-control study [14] , 27 of the 32 congenital Zika cases had head CT scan, with only 11 (41%) being abnormal. However, when only the 11 confirmed cases in the study were analyzed, neuroimaging was abnormal in 64%. In our study, all 87 cases presented with >1 abnormal neuroimaging findings.
In our study, global cortical hypogyration was found in 82% of the head CT scans, and lissencephaly, the most severe disorder of neuronal migration, was seen in 18 (22%) infants. This suggests that the ZIKV inflection is responsible for the destruction of the fetal brain as well as disruption in brain development. Cerebellar hypoplasia has also been reported in CT scans from infants with CZS, with an incidence ranging 50%-75% [7, 12, 22] , similar to the 52% found in our study. This abnormality has also been reported with congenital cytomegalovirus infection occurring in early gestation [23] .
Many clinicians perform head CT or cranial MRI to investigate the abnormalities due to suspected ZIKV congenital infection. We initially performed postnatal head ultrasound in 30 infants and detected the most frequent brain abnormalities associated with Zika infection-ventriculomegaly and intracranial calcifications. Head ultrasound was not possible in only 1 patient, because of insufficient size of the fontanelle. Other studies have shown that fetal ultrasound has high sensitivity for detecting fetal abnormal neuroimaging [20, 22, 24] and suggests that head ultrasound should be the first neuroimaging study to be performed in infants with suspected CZS, especially when the prenatal fetal ultrasound demonstrated abnormalities. Head CT scans and brain MRI also reveal these malformations but also better delineate the degree of ventriculomegaly, localize and characterize calcifications, analyze the disorders of neuronal migration, visualize brainstem hypoplasia, and provide details related to cerebellar hypoplasia. However, brain CT scans expose the infant to more radiation, require sedation, and are more expensive, particularly in developing countries. Our results suggest that head ultrasound should be performed initially in suspected or probable cases of CZS.
Some studies have associated ZIKV infection with developmental abnormalities, such as arthrogryposis and microphthalmia [25] [26] [27] . Eighteen infants (21%) in our series had associated malformations, manifested as arthrogryposis involving >1 joint contractures of upper and lower limbs, clubfoot, and knee flexion contracture. In addition, 3 of the 18 infants with arthrogryposis also had unilateral right diaphragmatic paralysis. All 3 developed progressive respiratory failure and died on days of life 2, 10, and 86. Unilateral diaphragmatic paralysis has been described following herpes zoster, poliovirus, West Nile virus, human immunodeficiency virus, and dengue infection in adults [28, 29] but, to our knowledge, has not been reported previously with CZS. The exact mechanism of phrenic neuropathy associated with ZIKV infection has not been elucidated.
Opthalmologic abnormalities were found in 38% of infants evaluated, in agreement with Ventura et al, who found 14 (58%) of the confirmed CZS cases had abnormal visual findings [25] . Those authors commented that ocular involvement was significantly more common in infants born to mothers infected during the first trimester and in infants with smaller HC. We also found that the presence of symptoms in the first trimester resulted in more infants with ocular abnormalities (43%) than later on during gestation (31.5%), but this was not significant. Our study showed that the mean HC Z score was lower in infants with ocular abnormalities than in infants without (Figure 4) , suggesting an association of ocular abnormalities with greater neurological brain damage in early stages of brain development.
In conclusion, our study adds insights to the growing body of knowledge of CZS. Additional follow-up studies will be important to assess the true burden of the disease and the health, social, and economic problems encountered by affected children and families.
